
increases. Indeed, the complexes of the metals from the lowest 
group number considered, Tc" and Re", have C - S bonds that 
are amongst the longest, despite having one less electron in the 
I,, orbitals than all other complexes in the series. As this trend 

the d orbitals of the metal have relatively high energy) but also 
that the ligand x-acceptor orbitals have considerable C-S G* 
character and can accept sufficient electron density to achieve 
complete C-S bond cleavage. 

9 P 

Figure 5 .  Structure of (Re(9S3)- 
(SCH,CH,SCH ,CH,S)]+. Pertinent 
bond lengths (A).  Re-Sl 2.436(2); 
Re--S2 2.463(2). Re-S3 2.393(2); 
Re-S4 2.256(2); Re-S5 2.346(2); 
Re- S6 2.772(2); Sl-Cl 1.822(8); 
S1-C6 l.X29(9); S2--C2 1.819(9), 
S2-C3 1.818(9). S3VC4 1.847(9), 
s 3 - c 5  1 830(X) 

continues, at some point C-S 
bond lengthening might be 
sufficient to cause complete 
cleavage of the bond. This is 
indeed observed : reduction 
of yellow [Re(9S3),I2+ ['I in 
water with ascorbic acid, at 
room temperature, immedi- 
ately induces cleavage of 
two C-S bonds of one 9S3 
ligand to give ethene and the 
yellow-brown rhenium(II1) 
dithiolate complex [Re(9S3)- 
(SCH,CH,SCH,CH,S)]+ in 
90 YO yield of the isolated BF, 
salt [Eq. (a)]. The structure 
of the product has been de- 
termined by X-ray crystal- 
lography[sl and is shown in 
Figure 5 together with perti- 
nent bond lengths and an- 
gles. The structural dimen- 
sions indicate nearly ideal 

octahedral coordination, with very little change relative to 
[Re(9S3),I2' except for the loss of ethene. 

[Re(9S3)JL + e ---+ "[Re(9S3),]'" - 
(a) 

[Re(9S3)(SCH2CH,SCH,CH,S)]+ + C,H, 

The ethene was collected quantitatively and identified by gas 
chromatography,'mass spectrometry. We have also shown 
that the analogous yellow technetium complex [Tc (~S~) , ]~ '  c91 
behaves similarly, giving the pink complex [Tc(9S3)- 
(SCH,CH,SCHZCH,S)]+. That the C-S cleavage is simply the 
consequence of electron transfer to [M(9S3),12+, and not a more 
complex reaction involving ascorbic acid specifically, was 
demonstrated when the same products were isolated from the 
reaction of the rhenium complex with various other reducing 
agents including metallic zinc and chromium (in the case of 
rhenium) or stannous chloride (in the case of technetium). Sim- 
ilarly, if [Re(9S3)J2 + is reduced electrochemically at a platinum 
electrode, bubbles of ethene can be seen to evolve at the elec- 
trode surface. A search for ethene production by similar ascor- 
bate treatment of 9S3 complexes containing metals further to 
the right in the d-block (Rh"', Fe") failed to find ethene. It thus 
appears that addition of the sixth electron to the t2 ,  orbitals 
causes the back-donation to become so strong that occupancy 
of the C-S o* orbital is enough to cancel the C-S bond and 
release ethene, provided the I,, orbitals have high enough 
energy. Fast-atom-bombardment (FAB) mass spectroscopy 
indicates that further loss of ethene molecules from [Re(9S3)- 
(SCH,CH,SCH,CH,S)]+ occurs in the spectrometer: peaks 
appear at 519 ( M - ,  loo%), 491 (M' -C,H,), 463 
( M +  - 2(C,H,)), 435 ( M +  - 3(C,H,)), 403 ( M C  
- 3(C,H,) - S), and 375 (M+  - 4(C,H,) - S). The precursor 
complex [Re(9S3),J2' also undergoes serial losses of ethene in 
the FAB mass spectrometer. 

The combined structural and chemical patterns described 
here provide compelling experimental evidence to support the 
computational arguments not only that the thioether ligand acts 
as a x-acceptor ligand in thioether complexes (especially where 

Experimental Section 
Structural parameters were obtained from the Cambridge Crystallographic Data 
Centre. To identify in-plane and out-of-plane C-S bonds, the pictures of the struc- 
tures were assembled and studied on computer (Iris Indigo' workstation, Silicon 
Graphics) 
Synthesis: To a solution of[Re(9S3),][BF4], (200 mg, 0.27 mrnol) in water ( 5  mL) 
was added L-ascorbic acid (80 mg, 0.45 mmol). After stirring for 2 h the red-brown 
solid was collected and dried in vacua. Recrystallization from water gave 
[Re(9S3)(SCH2CH,SCH,CH,S)][BF,] (140 mg, 86%) in the form of crystals suit- 
able for X-ray analysis. Elemental analysis calcd: C 31.7, H 5 3 :  found- C 31.6, H 
5.2. 
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Highly Enantioselective Reduction with 
Novel, Bridged NADH Models** 
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An L-lactate dehydrogenase that requires the coenzyme 
NADH catalyzes enantioselective reduction of pyruvate to 
L-lactate in anaerobic glycolysis. The enzymatic environment in 
this reaction fulfills the most important factors for asymmetric 
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COMMUNICATIONS 

induction : stereoselective transfer of one of the diastereotopic 
hydrogen atoms in NADH to achiral substrates and controlled 
orientation of substrate approach (re- or si-face selectivity for 
the substrates). Many organic and bioorganic chemists have 
been challenged to mimic this biochemical reaction with various 
NADH models" -'I that aid in reducing pyruvate analogs with 
high enantioselectivity. Interpretation of the enzymatic function 
in asymmetric reduction with coenzyme NADH led us to design 
novel, bridged NADH models[*] with an [n](2,5)pyridinophane 
(parapyridinophane) skeletonLg' as promising candidates for re- 

recyclable compounds 

tioselectivity. The 

bridging the 2- and 5- 
positions of a di- 
hydronicotinoyl ring 
would behave as an 
"enzyme wall" that 
allows the substrates 
to approach from the 

that induce high enan- 

oligomethylene chain 

Scheme 1. Protection of one side of the di- 
hydronicotinoyl ring in bridged NADH model 

Opposite side 
siveb' (Scheme 1). we 

compounds by the oligomethylene bridge. describe ,here the syn- 
theses of homochiral, 

bridged NADH models and their outstanding ability to reduce 
methyl benzoylformate, an analog of pyruvic acid, with high 
enantioselectivity . 

The synthesis of the bridged nicotinate 12, a key synthetic 
intermediate toward NADH models 16, is outlined in Scheme 2. 
cis-2-Chlorocyclododecene-1 -carboxaldehyde (1)['01 was treat- 

1 2(84%) / 4(84%) 

/ 

t-i I 
H C02Me VJ PPh3 

* I  lo i 

Scheme 2. Synthesisofnicotinates 12and 13. a) NaN,, LjCl (cat.), H,O,THF, RT, 
5 h; b) hv(Pyrex), CHCI,. RT, 8 h; c )  PPh,, toluene, A ,  3 h, d) methyl propiolate 
floequiv), toluene, 140"C, 12 h. 
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ed with sodium azide and a catalytic amount of lithium chloride 
to give azirine 2" * I  and trans-2-azidocyclododecene-1 -carbox- 
aldehyde (3)I''I in a 61 :39 ratio.['31 Subsequent irradiation of 
the mixture in chloroform resulted in conversion of 3 into 2 
(84 % yield based on 1). The thermal ring-opening reaction of 2 
with triphenylphosphane proceeded in toluene at reflux to give 
the iminophosphorane 4[14] in 84% yield. The 'H NMR spec- 
trum of 4 shows that it is a mixture of cis and trum isomers in 
a ratio of about 1 : 3 ,  based on their aldehyde signals at 6 = 10.66 
(0.25 H) and 9.87 (0.75H), respe~tively.['~l 

Methyl [10](2,5)pyridinophane-3-carboxylate (12) was syn- 
thesized from 4 and methyl propiolate (10 equivalents) in 
toluene at 140°C. The desired product was obtained in 21 YO 
yield along with its outho-bridged isomer 13 (8%). The struc- 
tures of these compounds were deduced by 'H and 13C NMR 
and mass spectroscopy (see Table 1). The 'H NMR spectrum of 
12 shcivs that one of oligomethylene protons (6 = 0.13) is locat- 
ed in a shielded area above the pyridine ring. Furthermore, all 
the bridge protons appear as independent signals, in accordance 
with a nonsymmetric structure. This indicates that 12 has a 
parapyridinophane skeleton with no flipping (jump-rope rota- 
tion) of the oligomethylene bridge on the NMR time scale. All 
other spectroscopic data agree with the proposed structure of 
12. As for 13, geminal methylene protons of the oligomethylene 
bridge afford identical chemical shifts due to the symmetrical 
structure, which is in contrast to 12. 

The postulated pathways for this novel pyridine-formation 
reaction are also depicted in Scheme 2. Enamine-type addition 
of 4 to the p position of methyl propiolate provided intermediate 
5 ;  intramolecular addition on the C=N and C=O bonds pro- 
duced cyclobutene intermediates 6 and 8, respectively. Sponta- 
neous ring opening of 6 and 8 generated (viny1imino)phos- 
phoranes 7 and 9, which underwent intramolecular aza-Wittig 
reactions to give pyridines 12 and 13. Formation of a portion of 
13 can also be explained by initial cycloaddition of methyl pro- 
piolate to the N=P bond of 4 to give 10. Subsequent cyclorever- 
sion of 10 and intramolecular Wittig reaction of 11 afforded 13. 
Similar pyridine formation occurred in the reaction of 4 with 
dimethyl acetylenedicarboxylate (2 equivalents) to give both 
isomers of ortho-bridged 3,4- and 2,3-pyridinedicarboxylates 
( 5  O/o and 14%, respectively) in addition to [10](2,5)pyridino- 
phane-3,4-dicarboxylate (14%). Formation of the two ortho- 
bridged nicotinates suggests that there are also two independent 
routes from 4 to 13. 

Conversion of 12 into the NADH models 16 was accom- 
plished by transformation of the ester to an amide followed by 
N-alkylation and selective reduction of the pyridinium rings 
(Scheme 3 ) .  Hydrolysis of 12 with lithium hydroxide afforded 
the corresponding nicotinic acid (81 %), and the amide forma- 
tion reaction with (S)-valinol gave diastereomeric nicoti- 
namides 14, which were separated to give (S,S)-14 and (R,S)-14 
in 48% yield each. Once purified these compounds are stable 
enough at room temperature that no flipping of the oligo- 
methylene bridge occurs. This is in contrast to 2,8-dithia[10]- 
(2,5)pyridin0phane,[~~I which undergoes racemization. Thermal 
interconversion between (S,S)- and (R,S)-14 is observed in 
toluene at reflux and reaches equilibrium after 8 h to give a 
nearly 1 : 1 mixture. This phenomenon is remarkably useful for 
the selective preparation of homochiral 14, since repeated "sep- 
aration and interconversion" could result in either (S,S)- or 

The structure of (S,S)-14 was unequivocally solved by X-ray 
crystallographic analysis of colorless plates obtained by recrys- 
tallization from ethyl acetate (Figure The interesting 
feature of the structure is that the thermal vibration of the 

( R ,  S)- 14. 
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COMMUNICATIONS 
Table I .  Selected spectroscopic data for 12-16. 

12: Oil;'HNMR(500MHz,CDCI,).6=0.13(m,1H),0.50(m,1H).0.64(m. 
IH).0.70-0.77(in.3H).0.83(m,2H),1.07-1.16(m,3H),123(m,1H),1.46(m. 
2H~.1.8I~(m.1H).1.86(m.1H),2.63(ddd,J=13.5,103,4.3Hz,1H).2.75(ddd. 
J=13 .5 .  6.0. 4.3Hz. IH), 2.79 (ddd. J=12.8, 103. 4.3Hz. IH), 3.80 (ddd, 
J=12.X. 6.4. 43Hr. 1H). 393 (s. 3H), 8.01 (d. J=2.1Hz. lH), 8.46 (d. 
J =  2.1 Hz. 1 HI. "C NMR (125 MHz, CDCI,): 6 = 24.5, 25.3, 26.3. 26.5, 27.71, 
27.73. 2X 0. 28.2. 31.9. 36.1, 52.2. 125.3. 134.4. 138.8. 151.9, 161.5, 167.2: MS(E1)- 

13: Yellow solid: 'H N M R  (500 MHz, CDCI,): 6 = 1.41 (m. XH), 1.51 (m, 4H). 
1.75 (m. 2H). 1 88 (m, 2H), 2.72 (t, J =7.7 Hz, ZH), 2.89 (t, J =7.7 Hz, 2H). 3.93 

nl:: ("/o), 175 (94) [ M ' ] ,  216 (loo) 

(s, 3H). X 07 (d. .J = 2.2 Hz, 1 H), 8.98 (d, J = 2.2 Hz. 1 H); I3C NMR (125 MHz. 

135 9. 13X.1. 147 8. 165.4. 166.2; MS (EI): mi: (%): 275 (59) [ M i ] ,  165 (100) 
(S.S)-14: Colorless plates: 'H NMR (500 MHz, CDCI,): 6 = 0.36 (m, 1 H), 0.52- 
063(m.2H).O71 0.XS(m,5H) .1 .04(d ,J=6 .XHz,3H) ,  1.05(d.J=6XHz. 
3H~.1.12~m.2H).1.21(m.2H).1.45(m,1H),1.65(m,1H),1.80(m,2H).2.02 
(oct., J = 6 8 HI. I H). 2.61 (ddd, J =13.7, 10.0, 4.3 Hz, 1 H), 2.73 (ddd, J = 13.7. 
6.3. 4.4Hz. IH). 2.85 (ddd, J=13.0,9.0, 4.3Hz. 1H). 326(ddd, J=13.0, 8.0, 
4.4H~.1H).3.7X(dd,J~11.1.5.8Hz,1H),3.82(dd,J=11.1.3.4Hz,1H).3.96 
(dddd. J=X.I. 6.X. 5.8. 3.4Hz. 1H). 6.01 (br d, J=X.lHz, IH). 7.56 (d. 
. J = 2 . 1  H~.lH).X.41(d,J=2 1 HZ.IH);'~CNMR(~~~MH~,CDCI,):~=~~.~, 
1Y.7. 24.7. 25.2. 26.4. 26.5. 27.7. 27.8, 27.9, 28.3, 29.2, 31.9, 35.1, 57.6, 63.8, 132.2, 
134 7. 135.X. 1504. 157 7. 169.5; [ 4 b 6  = + 64.9 (c = I  in CHCI,): M S  (El): rn 2 

CDCI,): 6 = 22 85. 22 93. 24 9. 25.3. 25.7, 26 0. 27.8. 28.8. 29.1, 31.8. 52.1, 123.4. 

(<yo ) :  346 (31)  [ M  .I. 244 (inn) 
(R .S) -14  Oil.'HI\;MR(500MHz,CDCI,):6=0.35(m,1H),0.53(m,lH),0.60 
~in.IH~.0.71-i~.X5(m,5H),101(d,J=6.8Hz,3H).1.04(d,J=6.8Hz,3H), 
1.06- 1.26 (m. 4H). 1.44 (m. lH), 1.64 (m, 1H). 1.79 (m. 2H). 2.00 (oct.. 
J=6.XHz. IH). 260(ddd. J=13.3, 10.3.6.3Hz. 1H). 2.71 (ddd, J=13.3,5.6, 
5. I HI. I H 1. 1.83 (ddd, J = 13.3.9.0, 3.9 Hz, I H), 3.27 (ddd, J = 13.3, 7.5,4.1 Hz, 
lH).3.80(dd..J=11.3.5.6Hz.1H),3.X5(dd,J=11.3,3.4Hz,1H),3.97(dddd, 
J = 8.6. 6 X. 5 6 .  3 4 Hz, 1 H), 6 12 (br. d, J =  8.6 Hz. 1H). 7.53 (d. J =  2.1 Hz, 
lH).X.3Y(d.J=2.1 H~,1H);'3CNMR(125MHz,CDCI,):6=1X.9,19.6,24.6. 
25.2.26.4. 26 5. 27 7. 27.8.27.9,28.3,29.1, 31.9. 34.9, 57.4.63.6, 132.2, 134.7, 135.8, 
150.2. 157.3. 169 3: [2]b0 = - 80.1 ( c  = 1  in CHCI,); M S  (EI): ni;: (Oh): 346 (35) 
(Mi]. 244 (1001 

(S,S)-ISS: Yellow solid, 'H NMR (500 MHz, CDCI,): 6 = - 0.03 (m, 1 H), 0.68- 
0.95( in .7H) .  l.O5id.J=6.8Hz,3H), 1 0 7 ( d , J = 6 . 8 H z , 3 H ) , 1 . 0 9 - 1 2 8 ( m ,  
4H). 1.55 (m. IH), 1.73 (m. lH), 1.79 (m, lH), 2.01, (m. 1H). 2.10 (oct.. 
J=68Hz. IH). 2.X2 (ddd, J=14.0, 9.2, 4.9Hz, IH), 2.96 (ddd, J=14.0, 7.0. 
5.2Hr,lH),3.43(ddd.J=153,5.2,4.9Hz,1H),3.5X(ddd,J=15.3,10.4.5.2Hz, 
IH).3.77(dd..l=11.Y,3.7Hz,1H),3.X1(dd,J-ll9.6.4Hz,1H),3.93(dddd, 
J =7.9, 6.X. 6.4. 3.7 Hz, 1 H). 4.42 (s, 3H). 8.31 (s. 1 H). 8.34 (d, J =7.9 Hz, 1 H), 
X.46(s.1H)."~'NMR(6XMHz,CDCI,).6=19.7,198,24.1,25.0,25.9(2C),26.0. 

164.8. [r]f' = + 61.8 ( c  = 1 in CHCI,), MS (ESI): rn/; (%): 361 (100) [iM - I - ] ,  
MS (ESI. negatiw ion): ni!: ("/u): 615 (100) [M + 1-1, 127 (35) [I-] 
(S.S)-ISb MS(ESI,negativeion):rn:i(%). 559(62)[M + ClO;].99(100)[ClO;] 
(R ,S) - ISa:  Yellow \olid; 'H NMR (500 MHz, CDCI,): 6 = - 0.12 (m. 1 H), 0.70- 
0.9Y(m.7H).l01(d.J=6.8Hz,3H),1.02(d,J=6.8Hz.3H).112-1.28(m, 
4H).1.55(in.1H).1.73(in,1H),1.79(m.1H).1.98,(oct.J=6.8Hz,1H),2.04 
(in. 1 H).2.X3(ddd..l =14.3.8.X. 5.2 Hz. 1 H),2 94(ddd, J =14.3,7.3, 5.4 Hz, 1H). 
3.00(dd..l=7.h.67Hz.lH),3.46(dt.J=15.3,5.2Hz,1H),358(ddd,J=15.3, 
10.3, 5.4 HL, 1 H ) ,  3 80 (ddd, J = 11.9, 6.7, 3 7 Hz, 1 H). 3.86 (dt. J = 11.9, 7.6 Hz, 

(d. J = 1.5 H r .  I H), 8.40 (d, J =  1 5 Hz, 1 H); I3C NMR (68 MHz, CDCI,): 

26.87. 26.m 27.x. 29.3. 31.2.32.0.47 I ,  5~.9,62.7,139.5,140.x, 145.2,i45.5,155.6, 

lH).401iddd..J=7.6,6.8,3.7Hz,lH).4.42(s,3H),8.07-8.11 (br.s,lH),8.09 

6=194. 1~5.~4.t.~4.9.~5.~~,~5.93,26.1,26~,26.9,~x.n,~9.4,313,3~.5.47.~, 
58.6.62.3.139.9, 14~~.7,143.5,l45.0.156.6,l64.8;[~]~~= -75.4(c=linCHCI,); 
M S  (ESI)  in I("/<,) 361 (100)[iM ~ I - ] :  MS (ESI, negativeion):m/z(%)- 615 (100) 
[ M  + I 1. 127 135) [I-] 
(R ,S) - ISb-  MS(ESI,  negativelon): m,z(%)559(38)[M + CIO;],99(100)[ClO:] 
(S,S)-16: Oil: ' H  N M R  (500 MHz, CDCI,): 6 = 0.85-1.65 (m, 16H). 0.95 (d, 
J = 6.8 Hz. 3H). 3H. 0.98 (d. J = 6.8 Hz, 3H). 1.95 (oct., J = 6.8 Hz, 1 H). 2.05 
(ddd,J=13.7,174.47Hz,lH),2.15(dtd.J=13.7,3.2,1.7Hz,lH),2.25(dtd, 
J = 14 5.4 3. 1 .X Hz. 1 H). 2.79 (br. d, J = 16.3 Hz, 1 H), 2.90 (dd, J = 16.3,0.9 Hz, 
1 H), 3.07 (s, 3 H). 3.45 (ddd, J = 14.5, 11.5, 4 1 Hz, 1 H), 3.52 (m, 1 H). 3.59 (m. 
I H).3.66~ 3.72(m.2H),5.60(br.d.J= 6.0Hz. 1 H).5.73(d, J =  0.9 Hz, 1 H); "C 
N M R  I125 MH7. C'DCI,): 6 =18 5. 19.7. 23.6, 25.1, 25.5, 25.7. 26.7, 27.03, 27.04. 

(R.S)-16:  Oil: 'H N M R  (500 MHz, CDCI,): 6 = 0.84-1.65 (m, 16H). 0.95 (d, 
J = 6 X H7. 3H). 0Y7 (d. . I=  6.8 Hz, 3H). 1.89 (Oct., J =  6.8 Hz, 1 H), 2.05 (ddd, 
J = 13.2. 12 4. 4 7 Hz, I H), 2.15 (br. d. J =12.4 Hz, 1 H), 2.21 (dtd, J =14 5,  4.3. 
1.7 Hz. 1 HI. 2 Xi)(d. J = 16.0 Hz, 1 H), 2.90 (d, J=16.0 Hz, 1 H). 3.08(s, 3H). 3 44 

1 H). 3 79 (m. I H). 5.55 (br. 8.  1 H), 5.73 (s, 1 H): 13C NMR (125 MHz. CDCI,): 
6 = I X 5. I Y.l.21 5.24.9. 25.4,25.8,26 4,26 7, 27 0,27.2,27.4.27.9.29.6,30.8, 36.7. 
57.6. 65.5.  100.3. 10Y.Y. 130.5, 149.4, 171.6 

27.2. 27.~2. 27 x3. 29 3. 30.7. 36.7. 58.1, 65.6, 101 3. 109.6, 130.6, 147.7, 172.8 

(br. s. I H). 3.57 (dd. J = 10.7,7.3 Hz. 1 H), 3.62 (m. 1 H), 3.70 (dd, J = 10.7,3.4 Hz, 

(S,S)-16 

Me 

(R, S)-14 (R,S)-16 
Scheme 3. Synthesis of (S,S)- and (R.S)-16. a)  LiOH, MeOH H,O, RT. ca. 12 h: 
b) SOCI,. DMF (cat.), A; c) (S)-valinol, Et,N. CHCI,, RT. d) toluene, A. 8 h; 
e) Mel, CH,CN, A. 24 h; f) Na,S,O,, CH,CI,:aq. Na2C0,. 14 h. 

Figure 1. Crystal structure of (S,S)-14. 
v 

oligomethylene bridge is more dynamic than that of the pyridine 
and amide moieties. This result agrees with our design that the 
oligomethylene bridge would function as the bulky, shielding 
wall against substrate approach. 

N-Alkylation of (S,S)- and (R,S)-14 with methyl iodide af- 
forded the corresponding N-methylpyridinium iodides (S,S)- 
and (R,S)-15a in quantitative yields. Regioselective 1,4-reduc- 
tion of 15 by the biphasic reaction with aqueous sodium dithion- 
ite in dichloromethane resulted in the formation of (S,S)- and 
(R,S)-16.["] 

The bridged NADH models 16 were found to effect an excel- 
lent level of biomimetic reduction. The reaction of 16 with 
methyl benzoylformate was carried out in the presence of mag- 
nesium perchlorate in acetonitrile (Table 2). Stirring the reac- 

Table 2. Reaction of methyl benzoylformate with 16 [a] 

CHlCN 

Entry 16 T"C] f Methyl mandelate [b] 15b 
config. ee [%I yield [%I yield [YO] 

1 (S.S)-16 R T  5d R 99 64 66 

3 (S,S)-16 75 6h R 98 63 65 
4 (R.S)-16 RT 4d S 97 64 60 
5 (R,S)-16 75 6 h S 98 6 3  71 

2 (S,S)-16 50 24h R 99 70 81 

[a] Reaction conditions: 1.0 equiv 16, 0.9 equiv methyl benroylformdte. 1.0 equiv 
Mg(CIO,),. MeCN. [b] The enantiomeric excess was determined chromatographl- 
cally with a ChiralcelOJ HPLC column (Daicel Chemical Technologies) 
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tion mixture for 5 days at  room temperature in the dark resulted 
in the desired hydrogen transfer from (S,S)-16 to methyl ben- 
zoylformate, which occurred enantioselectively to afford (R)- 
methyl mandelate with 99 YO ee (64 Yo yield) and the correspond- 
ing homochiral N-methylpyridinium perchlorate (S,S)-15b 
(66% yield; Table 2, entry 1). It is noteworthy that the rate of 
the reaction raised remarkably with increasing reaction temper- 
ature without significant decrease of enantioselectivity. The re- 
actions were complete within 24 h at 50°C and within 6 h at 

75 "C to give (R)-methyl mandelate 
with 99% ee and 98% ee, respec- 
tively (entries 2 and 3). 

The estimated transition state for 
the asymmetric reduction with 
(S,S)-16 is illustrated in Scheme 4. 
The ternary complex[181 in which 
magnesium perchlorate chelates to 

Scheme 4. Proposed transi- bridged NADH model, since the 
tion state for the reduction of top side of the model is blocked by 

methyl benzoylformate beneath the 

benzoylformate with thk oligomethylene chain, rational- 
(S,S)- l6 in the presence of 
h R n 2 +  izes the enantioselectivity. The "'6 . 

reactions of bridged NADHmodels 
proceeded stereospecifically. Reduction with (R,S)-16 resulted 
in the formation of (S)-methyl mandelate with 97% ee at room 
temperature and 98 % ee at 75 "C (64% and 63 % yields, respec- 
tively; entries 4 and 5). Inouye et al.,lsa] Vekemans et a1.,[2b1 
and Combret et al.[3b1 studied the temperature effect of their 
NADH-model reactions and reported more or less decreased 
enantioselectivity with higher temperatures. The NADH model 
without a chelating group reported by Vekemans et al. reduced 
benzoylformate to mandelate in 95 YO optical yield at -25 "C, 
which dropped to 66% at 25°C. Therefore, the chelating 
group derived from (S)-valinol in 16 apparently assists in stabi- 
lizing the ternary complex even at higher temperatures, as is 
reflected in the unique temperature independency of the enan- 
tioselectivit y. 

For reactions with NADH models with chiral amide moieties, 
the enantioselectivity of the asymmetric reduction is consider- 
ably dependent on the absolute configuration of the amide 
groups.r'a*3.41 Davies et al. reported NADH models with both 
a chiral amide group and a chiral ferocenyl group designed for 
selective shielding of their dihydropyridine rings.[41 However, 
there seems to be both matched and mismatched combinations 
between the two auxiliary groups, and, although the matched 
NADH models gave mandelate with 97-98 YO ee, the mis- 
matched ones only gave 15-16% ee. On the other hand, in the 
case of 16 both diastereomers induced high enantioselectivity, 
which is strictly subject to the absolute structure of the solid 
parapyridinophane moieties. Therefore, the amide group 
derived from (S)-valinol does not behave as a "chiral auxiliary 
group" but simply as a "tight chelating group", and the absolute 
configuration has nothing to do with the selectivity. The salts 
15b, recovered by chromatography on silica gel, could be recy- 
cled to produce 16, since the bridged NAD+/NADH model 
system retains its plane chirality throughout the redox reaction. 
Consequently, the bridged NADH models designed from enzy- 
matic environment successfully controlled both the direction 
and the orientation of substrate approach to induce high enan- 
tioselectivity in the biomimetic reactions. 
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1161 Crystal structure &ita of (S,S)-14: C,,H,,N,O,. M ,  = 346.50. colorless plate. 

R = 0.074. R, = 0.069. Crystallographic data (excluding structure factors) for 
the structures reported in this paper have been deposited with the Cambridge 
CryStallOgrdphiC Data Centre as supplementary publication no. CCDC- 
100 106 Copieh of the data can be obtained free ofcharge on application to The 
Director, CCDC'. 12 Union Road, Cambridge CBZIEZ, UK (fax: int. code 
+(  1223j336-033; e-mail depositp chemcrys.cam ac.uk) 
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Coupled with Ruthenium-Catalyzed 
Racemization of the Substrate Alcohol** 
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The resolution of racemic compounds by enzyme-catalyzed 
reactions has become a powerful tool in organic synthesis.[" 
In particular, processes for hydrolysis of esters and acylation of 
alcohols have been successfully employed. One limitation with 
classical enzymatic resolution is that the reactions are associated 
with a maximum yield of 50% based on the racemate. In order 
to overcome this limitation the substrate could be continuously 
racemized during the resolution process; this would lead to effi- 
cient use of all of the starting material. This approach has at- 
tracted some interest recently, and a few applications have been 

During our studies on ruthenium-catalyzed hydrogen transfer 
reactions we observed that alcohols undergo fast isomerization 
at the r-carbon leading to racemization or e p i m e r i ~ a t i o n . [ ~ - ~ ~  
Attempts to use chiral ligands in order to obtain ruthenium- 
catalyzed asymmetric transfer hydrogenations were hampered 
by the racemization of the product,["] and this has also been 
observed by others using the same catalytic system.[' 'I In con- 
nection with previous enzyme studies in our group[121 we de- 

cided to  investigate enzy- 
matic resolution of racemic 

- alcohol mixtures coupled 
Rl/+.K' - with the above-mentioned 

racemization. In this com- 
munication we report on 
the successful enzymatic 

OAc resolution of alcohols under 
RI/+.R? R,xR2 substrate-racemizing condi- 

Major tions (second-order asym- 

0' I K d l  

1 Slow 
Enzyme 
KOAc 

Scheme 1 Enz>matic resolution under metric trdnsformation" 31) 

substrate-racemiring conditions (Scheme 1). 

[*) Prof J -E. Backvall, A L E. Larsson, B. A. Person 
Depariment of Organic Chemistry 
Uppsala ~JrIiVcX'Sity 
Box 531. S-75121 Uppsala (Sweden) 
Fax: Int. code +(18)-508-542 
e-mail: jeh!(l kemi.uu.se 

[**I We would like to thank Dr. Ratan. L. Chowdhury who performed the initial 
studies o n  the racemization of alcohols. Cundidu unturctica component B Li- 
pase (Novorym 435) was a gift from Novo Nordisk A/S, Denmark. Financial 
support by the Swedish National Science Research Council is gratefully ac- 
knowledged 

Catalytic amounts of [ (PPh,),RuCl,] ( I )  epimerized cis-2- 
methylcyclohexanol and racemized enantionierically pure a- 
methylbenzyl alcohol (( +)-(R)-3) .  For an efficient isomeriza- 
tion it was necessary to use a ketone as a cocatalyst to promote 
the ruthenium-catalyzed hydrogen transfer reactions.'"I Conse- 
quently, the corresponding ketones, 2-methylcyclohexanone 
and acetophenone, were used. The epimerization of cis-2- 
methylcyclohexanol proceeded with a moderate rate.1141 where- 
as the racemization of ( + ) - ( R ) - 3  took only 4 h with 2 moI% of 
the catalyst in the presence of base (Scheme 2).  The latter reac- 
tion was quite sensitive, and in some of the reactions the catalyst 
was deactivated and racemization stopped. 

Because of the problems with the reproducibility of catalyst 1 
we turned our attention to ruthenium catalyst 2." 'I This catalyst 

2 

has been found to be less sensitive and can be used over longer 
reaction periods without being deactivated.[9c. Reaction of 
(+) - (R)-3  in the presence of 2 mol% of catalyst 2 and 
1 equivalent of acetophenone in tBuOH at 70 "C led to  a com- 
plete racemization in 45 h (Scheme 2). 

OH Ru-caralysr 
1 eqoiv. of acelophenone 

(+)-(R)-3 rac-3 
ph/\ fBuOH - p h  

96% ee Argon, 7@c 

Scheme 2. Ruthenium-catalyzed racemization of ( + ) - ( R ) - 3 .  Rwction conditions: 2 
mol% of 1, 10 mol% of NaOH. 4 h or  2 mol% of 2.45h 

The ruthenium-catalyzed racemization of ( + )-(R)-3 was 
combined with an enzyme-catalyzed transesterification with 
Cundidu antarctica component B lipase (Novozym 435 = N- 
435).[16] The use of catalyst 1 in combination with the enzyme 
and the acyl donor gave poor results, and the rapid racemization 
with this catalyst could not be reproduced in the presence of the 
enzyme. Combination of catalyst 2 and the enzyme worked 
better (Eq. (a) and Table 1). We first tried vinyl acetate as the 

2 molS of 2 
Novozym43S 

OAc 

ph 

mc-3 fAuOH 3 5 
Argon. 7OoC 

acyl donor. Although a complete conversion of the alcohol took 
place, only about 50% of the acetate was obtained, because the 
acetaldehyde formed when using this acyl donor reacts as a 
hydrogen acceptor and oxidizes the substrate alcohol to ke- 
tone." '1 

The use of isopropenyl acetate, from which acetone is formed 
in the acylation step, showed the same phenomenon but to a 
lesser extent than for vinyl acetate. In this case 72% of the 
substrate was converted into (R)-a-methylbenzyl acetate ((R)- 
4), and the remaining 28 O/O was oxidized (Table 1, entry 2). The 




